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We compared the precision, bias and accuracy of two techniques that were recently proposed to estimate the contributions of cuticular
and respiratory water loss to total water loss in insects. We performed measurements of V_CO2 and V
_H2O in normoxia, hyperoxia and
anoxia using flow through respirometry on single individuals of the highly variable cockroach Perisphaeria sp. to compare estimates of
cuticular and respiratory water loss (CWL and RWL) obtained by the V_H2O–V
_CO2 y-intercept method with those obtained by the
hyperoxic switch method. Precision was determined by assessing the repeatability of values obtained whereas bias was assessed by
comparing the methods’ results to each other and to values for other species found in the literature. We found that CWL was highly
repeatable by both methods (RX0.88) and resulted in similar values to measures of CWL determined during the closed-phase of
discontinuous gas exchange (DGE). Repeatability of RWL was much lower (R ¼ 0.40) and significant only in the case of the hyperoxic
method. RWL derived from the hyperoxic method is higher (by 0.044mmolmin1) than that obtained from the method traditionally used
for measuring water loss during the closed-phase of DGE, suggesting that in the past RWL may have been underestimated. The very low
cuticular permeability of this species (3.88 mg cm2 h1 Torr1) is reasonable given the seasonally hot and dry habitat where it lives. We
also tested the hygric hypothesis proposed to account for the evolution of discontinuous gas exchange cycles and found no effect of
respiratory pattern on RWL, although the ratio of mean V_H2O to V
_CO2 was higher for continuous patterns compared with
discontinuous ones.
r 2007 Elsevier Ltd. All rights reserved.
Keywords: Discontinuous gas exchange; Metabolic rate; Repeatability; Water balance1. Introduction
Dehydration is a major challenge facing all terrestrial
organisms and it is especially pronounced for small animals
such as arthropods. Insects respond to desiccation in a
variety of ways (Hadley, 1994a; Chown and Nicolson,
2004; Alpert, 2006), and over longer time periods,
differences among populations and species in tolerance of
partial desiccation, resistance to desiccation, and initial
body water contents may all evolve differentially toe front matter r 2007 Elsevier Ltd. All rights reserved.
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otre Dame, IN 46556-0369, USA.prolong survival time under dry conditions. Indeed, such
differences have been documented in comparisons among
species and populations at several spatial scales (Chown,
2002; Hoffmann et al., 2003), and have also been shown to
evolve rapidly in the laboratory (Gibbs et al., 1997;
Telonis-Scott et al., 2006).
Despite widespread documentation of apparently adap-
tive patterns in insect desiccation resistance, and consider-
able understanding of the mechanisms underlying insect
water balance (reviewed in Hadley, 1994a; Chown and
Nicolson, 2004), the contributions of cuticular and
respiratory water loss to dehydration, and the significance
of the mechanisms by which each may be modulated,
remain highly contentious. The relative contributions of
these major avenues of water loss are known for less than
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representing only four orders. This paucity of estimates of
cuticular water loss rate (CWL) and respiratory water loss
rate (RWL) mean that even fundamentally significant
features of water balance, such as the relative contributions
of CWL and RWL to total water loss and the ways in
which RWL is modulated remain poorly understood
(Kestler, 1985; Hadley, 1994b; Lighton, 1998; Chown,
2002). Some studies have concluded that RWL is indeed a
significant component of the evolved response to dry
conditions (e.g., Gibbs et al., 2003; Duncan, 2003; Benoit
and Denlinger, 2007), and that modulation of metabolic
rate and gas exchange pattern are important ways in which
RWL might be altered (e.g., Zachariassen et al., 1987;
Duncan et al., 2002; Chown and Davis, 2003; Marais et al.,
2005; White et al., 2007). By contrast, other studies have
suggested that RWL is so small that it is of minor
evolutionary significance (e.g., Lighton et al., 1993;
Quinlan and Hadley, 1993; Hadley 1994b). Moreover, the
significance of modulation of metabolic rate or gas
exchange pattern as a means to effect changes in RWL
has also been questioned (Djawdan et al., 1998; Bradley
et al., 1999; Bosch et al., 2000; Rourke, 2000; Shelton and
Appel, 2001). Quinlan and Lighton (1999) concluded that
‘y interrelationships between gas exchange and water
balance are still largely a matter of conjecture’.
Perhaps the major reason for the present state of the field
is that the measurement of CWL and RWL or their
distinction in estimates of total water loss are not simple
matters. Traditionally, CWL has been measured using
gravimetric, isotopic or electronic techniques, applied to
whole insects, or portions of their cuticle (in vivo or in
vitro), all of which have their problems (reviewed in
Hadley, 1994a; Chown and Nicolson, 2004). Estimates of
RWL have been even more problematic. Typically, they
have been restricted to insects in which discontinuous gas
exchange (DGE; see Chown et al., 2006a) means that for
some proportion of the time the spiracles are closed,
allowing cuticular and respiratory water loss to be
distinguished either by gravimetric means or by electronic
techniques (Machin et al., 1991; Lighton, 1992; Lighton
et al., 1993; Quinlan and Hadley, 1993).
Recently, two techniques have been developed which
seem set to change the ease with which estimates of RWL
and CWL can be obtained. In the first approach, a
regression of V_H2O against V
_CO2 and extrapolation to the
y-intercept allows estimation of CWL by assuming that in
the absence of gas exchange (and easily identifiable
excretion events) water loss must be entirely, or predomi-
nantly, cuticular (Gibbs and Johnson, 2004). The second
approach (Lighton et al., 2004) relies on spiracular closure,
or considerable reduction in spiracle cross-sectional area,
following exposure of insects to extreme hyperoxia. Using
CO2 as a trace gas and by directly measuring V
_H2O, an
estimate of CWL can be obtained when the spiracles are
either closed or nearly so. Both sets of proponents claim
that their techniques provide a useful means of distinguish-ing CWL from RWL and estimating their values. In the
former case, these claims were based on a comparison of
respiratory exchange ratio of CO2:H2O with a single other
study (Gibbs and Johnson, 2004), though with no explicit
mention of absolute rates of CWL and RWL. In the latter,
a somewhat more extensive comparison was made between
the focal species and published values either of cuticular
permeabilities (CP) or proportional water loss (Lighton
et al., 2004, p. 4469).
However, these assessments of the validity of the
techniques only considered bias (and then not especially
carefully in one case): the likelihood that the estimated
values were close to the true values of these parameters.
Neither study made any attempt to assess precision, or the
variance of the estimation procedure (see Walther and
Moore, 2005). A later study, by Schilman et al. (2005), did
compare the methods by inspection of the coefficient of
variation of CP for each method. However, because only
single estimates were made per individual for each
measurement technique, these coefficients of variation
represent an estimate of population variation rather than
an estimate of precision, with the additional complication
that groups of ants, rather than individuals were used.
Nonetheless, Schilman et al. (2005) pointed out that the
regression method results in substantially more variability
than the hyperoxic switch method, and that the former
occasionally produces uninterpretable results. How general
these findings are, especially for individual insects, is not
known.
In consequence, the present situation is that two
techniques exist which have both been hailed as potentially
useful for routinely estimating CWL and RWL in resting
or active insects. However, the precision of these techni-
ques is unknown and their bias has been inadequately
assessed. In consequence, the accuracy of the techniques, or
their performance in repeatably estimating the true value
of the parameters of interest (CWL, RWL, and their
derivatives such as CP), remains poorly established. Here,
we address this problem in several ways. First, we
investigate the precision of both methods by performing
repeated measures of the same individuals on different
days. We do so using a cockroach species (Perisphaeria sp.)
with highly variable gas exchange patterns (Marais and
Chown, 2003) because this enables DGE-based estimates
to be compared with estimates derived from other gas
exchange patterns using other techniques, and because a
finding of high precision in such a variable species would
suggest that in species with less variation (likely many
species, see Chown, 2001; Marais et al., 2005) the
techniques will also be precise. Second, to assess the bias
of the methods, we compare the estimates of CWL and
RWL obtained by these two methods to each other, and to
estimates based on the more traditional method of using
the closed-phase of DGE to estimate CWL (see e.g.
Quinlan and Hadley, 1993). We also compare the different
estimates of the contributions of CWL and RWL to total
water loss and estimates of CP of this Perisphaeria species
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variability of gas exchange patterns in our study species, we
determine the extent to which DGE results in reduced
water loss by comparison with continuous ventilation—i.e.,
we provide a test of the hygric hypothesis proposed to
account for the maintenance of DGE (Chown et al.,
2006a).
2. Materials and methods
2.1. Experimental animals and design
Individuals of the Perisphaeria sp. (Blattodea, Blaber-
idae) were collected between flat rocks at the top of
Stellenbosch Mountain (altitude 4950m, 331570S,
181530E). In the laboratory, cockroaches were kept in
1.8 l plastic containers at a maximum density of six
individuals per container, with pieces of egg carton to
create hiding spaces. Experience has shown that individuals
of this species are most comfortable in the company of
conspecifics, but it is also known that high densities in
Periplaneta americana result in elevated CP as a conse-
quence of cuticular damage (Machin and Lampert, 1987).
The cockroaches had access to apple slices and dry cat
food. Wet cotton wool maintained humidity in each
container and the containers were held in a temperature-
controlled chamber (Labcon, CA, USA) at 2171 1C and
with a 12 h:12 h L:D cycle. Individual cockroaches were
identified by small markings made with non-toxic paint.
They were held under these conditions for at least 6 weeks
before experiments commenced to exclude possible varia-
tion due to habitat differences (Marais and Chown, 2003)
and to identify individuals parasitized by rhipiphorid
beetles, which were excluded.
Each cockroach was isolated in a Petri dish with wet
filter paper for 24 h prior to measurements, then weighed
immediately before and after each trial on a Mettler Toledo
AX504 analytical balance (accuracy 0.1mg, Mettler,
Columbus, OH, USA). An experimental trial consisted of
measuring the second-to-second V_CO2 and V
_H2O of an
individual cockroach for 3.5 h in air (normoxia) (see
Chown, 2001 for rationale), then for 20min in pure oxygen
(hyperoxic switch) and finally for 5–15min in pure nitrogen
(anoxic switch). The latter was done because Lighton et al.
(2004) suggested that this technique might yield informa-
tion on maximal degree of spiracular opening and proper-
ties of the tracheal system. Thus, our approach enabled us
to identify the precision of this method too. This amount of
time in nitrogen was sufficient to knock down the
cockroaches but permitted their full recovery within a
few minutes after being returned to normoxia.
For each trial, the air (21% O2, balance N2) obtained
from a tank was first stripped of residual water and CO2 by
passage through columns containing soda lime, silica gel
and Drierites (Krugersdorp, South Africa). Its flow rate
was then precisely controlled to 200mlmin1 by a mass
flow controller (Sidetrack, Monterey, CA, USA). Follow-ing this, the gas was pushed through a 5ml chamber
containing the animal and on to a Li-Cor Li-7000 infrared
gas analyzer (Lincoln, NE, USA), which was used to
measure the CO2 and H2O content of the air, and values
were recorded each second using the associated software.
Bev-A-Line tubing was used throughout the system to
minimize errors linked to water absorption. The animal
chamber, made of glass and stainless steel mesh filters, was
cleaned between each trial using ethanol. The chamber was
placed inside a Sable Systems International (Las Vegas,
NV, USA) AD-1 activity detector to detect movements of
the cockroach during the experiment, and the data were
simultaneously recorded via an auxiliary input of the
Li-7000. The entire setup was housed in a temperature-
controlled chamber at 2171 1C with lights on. During the
experiment, the cockroach was in dim light due to its
placement in the activity detector. All experiments were
performed during light hours, between 09:00 and 18:00 h,
although time of day was not entered into the models
because it is typically not an important component of
variation in gas exchange parameters in this species
(Marais and Chown, 2003).
Fifteen cockroaches, named ‘a’ thru ‘o’ were used in this
study. Three individuals (k, l and m) were identified as
significant outliers in the data (i.e., lying more than two
standard deviations beyond the other data). Therefore, we
only included them in those analyses where precision across
the entire sample was estimated. Data from the remaining
12 cockroaches were used for the more extensive analyses,
thus avoiding the potentially confounding effects of the
outlier data. Five experimental trials, each separated by a
period of 6–7 days, were performed on each cockroach.
The interval between repeated measures is important
because the shorter it is the greater the likelihood that
high precision (or repeatability) will be found (Chappell
et al., 1996; Bech et al., 1999). In using the 6–7 days
interval, we purposefully weighted the outcome against
high precision to effect as conservative an estimate of
precision as possible without including too large an effect
of ageing. Age is known to alter many physiological
characteristics in insects (e.g. Terblanche et al., 2004), but
we considered a month in the life of these typically long-
lived cockroaches a reasonably short period (see additional
discussion in Marais and Chown, 2003).
2.2. Data extraction and initial analysis
Data were extracted using Expedata version 1.0.16
(Sable Systems International, Las Vegas, NV, USA) and
were analyzed with R version 2.3.1 (http://www.r-project.
org) or SAS version 9.1 (SAS Institute Inc., Cary, NC,
USA). Previously, Marais and Chown (2003) found that
individuals of this species exhibit a variety of gas exchange
patterns while at rest: discontinuous gas exchange cycles
(DGC), burst-interburst (BI; similar to DGC but lacking
a flutter or F-phase), pulsation, and continuous (C). In a
few trials, episodes of the pulsation pattern described in
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never dominant. Thus, for each trial we assessed whether
the pattern of gas exchange was continuous (C), burst-in-
terburst (BI) or discontinuous (DGC) following the
convention developed in Marais et al. (2005). The
assessment was performed over the last 90min of normoxia
(i.e., after the animal had been in the cuvette for 2 h).
Briefly, a trace was considered continuous if greater than
30% of the V_CO2 values were above the midline of the
V_CO2 trace. DGC and BI were distinguished based on the
presence or absence of an F-phase, respectively. Although
several patterns sometimes occurred in one trial, we
qualified a trial by the pattern that occurred for the longest
duration within the 90-min interval observed. For all types
of gas exchange, we recorded mean V_CO2 and V
_H2O
typically over a period of at least 1 h of inactivity. In the
case of BI and DGC, we measured the duration and
emission rate of each cycle phase and obtained a mean over
five cycles. We consider a single cycle insufficient to
represent the likely variation found in a gas exchange
trace, hence our focus on the 90min period. Measurement
of a single cycle would mean that cycle variation and
individual variation are identical, so confounding estimates
of repeatability.
In the case of DGC and BI patterns, RWL and CWL
were calculated as suggested by Quinlan and Hadley
(1993). Water loss rate during the C-phase was taken to
be equivalent to CWL, whereas mean water loss over the
entire gas exchange cycle (for several full cycles) provided
an estimate of mean V_H2O. The difference between the two
values provided an estimate of mean RWL.
Following Gibbs and Johnson (2004), we calculated the
y-intercept and slope of the regression of V_H2O against
V_CO2. The slope was analyzed because Gibbs and Johnson
(2004) claim that the slope of the regression represents the
hygric cost of gas exchange. Although significance and
other parameters of these regressions are likely to be in
error owing to temporal autocorrelation of the data and
extrapolation beyond the scope thereof in cases where the
spiracles do not close (see Quinn and Keough, 2002), we
ignored these problems for the purposes of the test. We
return to them in Section 4. The slope and intercept values
were calculated over time periods of 90, 60 and 30min (full
period, 2/3 and 1/3 thereof) to determine whether there is an
effect of duration on precision of the estimates of the slope
and y-intercept. In addition, we compared the slopes and
intercepts calculated for the first 30min and the last 30min
of the 90min interval to determine whether it is worth
waiting for as long as possible to ascertain these values
given the notorious lethargy of water in flow-through gas
exchange systems. The slope and y-intercept estimates
derived from the last 30min interval were used for statistical
assessments of the effect of gas exchange pattern and
calculation method on various parameters (such as CWL).
After the hyperoxic switch, cockroaches sometimes
carried on with somewhat continuous gas exchange.
However, in most cases we found a C-phase (as continuousbreathers stopped releasing CO2). We noted V
_CO2 and
V_H2O during the hyperoxia-induced C-phase (hereafter,
hypC-phase). Lighton et al. (2004) calculated two estimates
of RWL (one conservative and one upper limit) for the
hypC-phase because of limited temporal resolution, error
linked to group measurements and lack of complete
spiracular closure. Since we were not faced with these
possible sources of error, and always used a period of zero
or near zero V_CO2 for estimating RWL, we obtained RWL
directly from the difference between mean V_H2O and
hypC-V_H2O (which is considered CWL). These estimates
of RWL and CWL were then used in statistical compar-
isons. For CP, surface area was calculated according to
Edney and McFarlane (1974) by Meeh’s formula: SA
(cm2) ¼ 12 body mass (g)0.63.
Following 20min in hyperoxia insects were switched to
100% N2 and left in the presence of flowing nitrogen for up
to 15min or a shorter period if they showed a large CO2
and H2O burst accompanied by a short burst of activity
(which corresponded to muscle spasms and loss of motor
control, as visually assessed). The peak water loss rate
value was recorded for each animal. As soon as the peak
had occurred the recording was stopped and the animal
was returned to a Petri dish with humid filter paper.
Cockroaches always recovered within 5min. In cases where
no peak was found within 15min of anoxia, the animals
were returned to normoxia to prevent permanent injury.
Peak V_H2O was used to assess the precision of this method
for estimating spiracular opening.
2.3. Statistical analyses
To determine the precision of each method for CWL and
RWL estimation, as well as the precision of mean V_H2O
and anoxic H2O burst, repeatability was calculated as
described in Lessells and Boag (1987). Because we were
interested in precision, body mass of each individual was
included as a covariate in the ANOVAs and removed if its
effect was not significant. Confidence intervals of repeat-
ability were calculated following the methods of Krebs
(1999) using the appropriate degrees of freedom for each
variable to obtain the F-statistics at p ¼ 0.05. Standard
errors of repeatability were calculated following Becker
(1984).
Following estimates of precision we compared the
absolute values of CWL, RWL, CP and %RWL among
the three methods to ascertain their likely bias. This
comparison was made using repeated measures ANOVA,
implemented using the mixed procedure of SAS, because
the same individuals were used in estimates of these
parameters using each of the three methods. In doing so
we assumed that the DGC-based method, accepted to date
in the literature (see reviews in Hadley, 1994b; Chown,
2002), would serve as an acceptable benchmark. However,
CP estimates from this study and those provided by
Lighton et al. (2004) and Schilman et al. (2005) were also
compared with data obtained from the literature (especially
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Fig. 1. Representative gas exchange and water loss patterns found in the
Perisphaeria species studied here: (A) discontinuous gas exchange cycles,
(B) the burst-interburst pattern, (C) continuous gas exchange. Only the
last 85min of each recording are shown. V_CO2: thin black line; V
_H2O:
thick gray line; activity: thin gray line. Arrows represent the switch from
normoxia to hyperoxia (black dotted line and arrow) and the switch from
hyperoxia to anoxia (gray dotted line and arrow). Note that in (A) and (C)
the large burst following anoxia is cut-off vertically to ensure details of the
remainder of the trace are not compromised.
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all four-time intervals were also compared by repeated
measures ANOVA.
Finally, the effect of gas exchange pattern on V_CO2,
V_H2O, hypC-phase V
_H2O, %RWL, and slope and inter-
cept of the V_CO2 and V
_H2O regressions was assessed by
restricted maximum likelihood (REML) ANOVA. The
linear mixed-effects models included body mass, pattern
and their interaction as fixed effects and individual as a
random effect. We fitted body mass before pattern to
correct initially for any effect of body mass. Body mass was
eliminated from the model if its effect was non-significant.
All data were log10-transformed to achieve normality. The
REML ANOVA performed in R tests the significance of
the fixed factors after accounting for the random effect of
individual. We did not use repeated measures ANOVA
because, although measurements were repeated each week
on the same individuals, the pattern that was observed
could not be predicted and that is the independent variable
of interest in our analyses. Nonetheless, we included
individual identity in the models to retain non-indepen-
dence. To specifically test the hygric hypothesis, we
extracted from the raw dataset individuals that had shown
continuous patterns on some repeats and DGC on other
repeats (eight individuals) and compared RWL and CWL
(as absolute and relative values) between both patterns.
3. Results
Of the 15 individuals examined in this study, only two
individuals showed the same gas exchange pattern on all
five repeats (DGC in both cases); the other individuals
showed either two (nine individuals) or three (four
individuals) different patterns (Fig. 1). Of the patterns
found, BI was encountered least often (Table 1), and the
pulsation pattern recorded by Marais and Chown (2003)
was never identified as dominant for an individual. The
classification method we adopted necessarily meant that
some traces, which might at first appear somewhat non-
continuous, are actually continuous (Fig. 1C). Obviously,
setting the criteria less conservatively would provide a
different assessment, but this did not affect the outcome of
our assessments to any large degree. Following the
hyperoxic switch, hypC-phases were encountered on most
but not all repeats (88% of all repeats), at variable times
following the switch to hyperoxia and for variable
durations (data not shown). In some cases, individuals
continued to release CO2 at variable rates throughout the
hyperoxic episode and were excluded from further ana-
lyses. Anoxia resulted in a large burst of CO2 and H2O
release in most trials (Table 1), and would probably have
occurred in all cases had the anoxic period extended
beyond 15min. However, we preferred to minimize stress
and guarantee the survival of individuals by limiting anoxic
exposure. When using the regression method, four trials
out of 60 were unsuitable for inclusion because the
y-intercepts resulted in negative values of RWL.Repeatability, and therefore precision, was typically high
for mean V_H2O and for CWL irrespective of the method
used (Table 2). The period used for intercept estimates
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Table 1
The numbers and types of gas exchange patterns found in each of the individuals and their responses to hyperoxia and hypoxia
Individual Mass (g) # # DGC # BI # Cont # hypC-phases # Anoxic bursts
A 0.45070.012 5 4 1 0 4 5
B 0.35070.007 5 2 3 0 5 3
C 0.45470.009 5 3 1 1 5 4
D 0.36570.010 5 3 1 1 5 4
E 0.43170.008 5 2 2 1 4 5
F 0.34070.010 5 3 0 2 4 1
G 0.42270.011 5 2 1 2 5 5
H 0.39570.011 5 5 0 0 4 4
I 0.33970.008 5 0 4 1 3 3
J 0.36170.013 5 2 0 3 4 4
K 0.50370.005 5 1 0 4 5 5
L 0.49070.013 5 1 0 4 3 5
M 0.51970.003 5 5 0 0 5 4
N 0.39770.007 5 3 0 2 5 3
O 0.36870.009 5 3 0 2 5 4
Total 75 39 13 23 66 59
Table 2
Repeatability of mean V_CO2, mean V
_H2O, cuticular water loss rate (CWL) as measured during closed phase of normoxia (of DGC or BI) and hyperoxia,
anoxia-induced peak water loss rate (anoxia burst), and slope and y-intercept for V_CO2–V
_H2O regressions obtained over increasing time intervals
F-ratio (d.f.) Repeatability7S.E. Confidence interval n0
Mean V_CO2 4.96
*** (14, 45) 0.4470.13 0.24–0.63 5
Mean V_H2O 45.87
*** (14, 45) 0.9070.04 0.82–0.95 5
C-phase V_H2O (traditional method CWL) 36.21
*** (14, 38) 0.8870.05 0.83–0.95 3.50
Hyperoxic C-phase V_H2O (hyperoxic estimate CWL) 55.51
*** (14, 36) 0.9270.03 0.85–0.96 4.61
RWL (from traditional method) 0.94 (14, 38) 0.0070.12 0.00–0.19 3.50
RWL (from hyperoxic method) 4.32*** (14, 34) 0.4070.14 0.20–0.62 4.61
RWL (from y-intercept method) 1.53 (14, 41) 0.0970.11 0.00–0.30 4.73
Anoxic H2O burst 1.32 (14, 44) 0.0670.12 0.00–0.28 3.98
y-Intercept last 90min 38.30*** (14, 43) 0.8870.05 0.83–0.95 3.91
y-Intercept last 60min 39.33*** (14, 55) 0.8870.05 0.81–0.94 4.73
y-Intercept last 30min (y-intercept estimate CWL) 39.88*** (14, 56) 0.8970.04 0.81–0.94 4.73
y-Intercept first 30min 28.00*** (13, 31) 0.8470.06 0.80–0.95 3.17
Slope last 90min 10.54*** (14, 30) 0.6570.11 0.52–0.84 3.91
Slope last 60min 16.29*** (14, 40) 0.7570.08 0.61–0.87 4.73
Slope last 30min 16.51*** (14, 41) 0.7670.08 0.61–0.87 4.73
Slope first 30min 2.81* (13, 19) 0.2770.17 0.07–0.63 3.17
n0 represents the average number of observations per individual in the cases where five repeats were not obtained for all individuals.
*po0.05; ***po0.001.
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repeatability of the intercept (or estimate of CWL), but
the slope values were more variable if the first 30min
segment of the last 90min of a trial was used. Repeatability
was significant but lower for estimates of RWL derived
from the hyperoxic method, whilst it was barely greater
than zero and certainly not significant for RWL derived
from the other two methods and for the anoxic H2O burst
(Table 2). The repeatability of V_CO2, although significant,
was only 0.44 (Table 1).
The three methods provided statistically indistinguish-
able estimates of CWL and, unsurprisingly, CP (Table 3).
These estimates of CP are towards the lower end of thosefound in other insects to date (Fig. 2). However, the
hyperoxic method resulted in significantly higher estimates
(almost 100%) of absolute RWL than either of the other
methods and, in consequence, substantially higher esti-
mates of %RWL (Table 3).
V_H2O, hypC-phase V
_H2O, %RWL, and the slope and
intercept of the V_CO2 and V
_H2O regressions did not differ
significantly among the three major gas exchange patterns
found in the Perisphaeria sp. in this study (Table 4).
However, V_CO2 differed among the three patterns with
continuous V_CO2 showing the largest value (Table 4). Not
unexpectedly, given these results, V_H2O, CWL, RWL,
%CWL and %RWL found among individuals that had
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Table 3
Cuticular water loss rate (CWL), respiratory water loss rate (RWL), cuticular permeability (CP) and %RWL as obtained by the three methods examined
in this study
C-phase V_H2O hypC-phase V
_H2O y-intercept p
CWL (mmolmin1) 0.45970.045 0.40270.040 0.44270.041 0.449
RWL (mmolmin1) 0.04770.004A 0.09170.008B 0.05370.004A o0.0001
CP (mg h1 cm2 Torr1) 4.2470.40 3.6870.35 4.0770.36 0.421
%RWL 13.2571.61A 21.8471.65B 14.2671.35A o0.0001
Individuals K, L, M were excluded; values7S.E.; p-values obtained by repeated measures ANOVA followed by Dunnett’s post-hoc test. Different letters
denote significant differences among methods.
Fig. 2. Frequency distribution of cuticular permeabilities (CP; on a log
scale) obtained from the literature (Hadley, 1994a), from Lighton et al.
(2004) and Schilman et al. (2005) (gray bars) and from the Perisphaeria
species studied here using the hyperoxic switch method (black bar).
E.M. Gray, S.L. Chown / Journal of Insect Physiology 54 (2008) 169–179 175shown both patterns did not differ significantly between
continuous and DGE although in this case V_CO2 also
differed among the two patterns (Table 5).
4. Discussion
4.1. Gas exchange pattern, metabolic rate and water loss
The gas exchange patterns and their influence on the
absolute values of V_CO2 found here are similar to those
recorded by Marais and Chown (2003). Repeatability
estimates of V_CO2 also differ little between the studies
(0.44 here, 0.5 previously) and compare well with those for
other insect species (e.g., Chappell and Rogowitz, 2000;
Terblanche et al., 2004; Nespolo and Franco, 2007). Given
that experimental conditions remained constant across the
trials, this work also confirms that the variation in gas
exchange pattern among and within individuals is not a
consequence of differential flow rates or altered experi-
mental circumstances (see Gray and Bradley, 2006).
Therefore, the present work confirms the finding of Marais
and Chown (2003) that from a gas exchange perspective
this Perisphaeria cockroach is one of the most variable
of all insect species that have been investigated to date
(Lighton, 1998; Chown, 2001; Marais et al., 2005 provideadditional discussion). Nonetheless, this variation can still
be classified into a series of recognizable primary patterns.
These gas exchange patterns varied to some degree with
V_CO2, a measure of metabolic demand, and to a greater
extent than was found in the trials conducted by Marais
and Chown (2003).
A relationship between metabolic demand and gas
exchange pattern can be interpreted in several ways. It
might lead credence to the emergent property hypothesis
for the evolution of DGE (Chown and Holter, 2000), it is a
prediction of the oxidative damage hypothesis for DGE
(Hetz and Bradley, 2005), and the reduction in metabolic
rate that accompanies DGE might be thought of as an
additional way to effect water savings (Schilman et al.,
2005; see also Lehmann, 2001; Addo-Bediako et al., 2001).
The results of the present investigation certainly show that
respiratory water loss rate increases during anoxia, when
the spiracles are opened more widely than under other
circumstances (Lighton and Fielden, 1996; Klok et al.,
2002; Schilman et al., 2005), therefore suggesting that
spiracular control of any form does effect a respiratory
water savings (see also Loveridge, 1968; Lighton, 1990;
Lighton et al., 1993). However, whether the development
of DGE has resulted in additional reduction in respiratory
water loss is more controversial. This hygric, or water
saving, hypothesis was one of the first explanations
proposed to account for evolution of DGE and remains
contentious (see Buck et al., 1953; Levy and Schneiderman,
1966; Lighton, 1996; White et al., 2007). Here, the absence
of any relationship between RWL or %RWL and gas
exchange pattern, and between V_H2O and gas exchange
pattern provide little support for the hygric hypothesis in
this species. Similar results have been found in the other
single-species studies that have examined the effect of gas
exchange pattern on RWL (Gibbs and Johnson, 2004;
Lighton et al., 2004, but see Marais et al., 2005; White
et al., 2007 for multi-species studies supporting the hygric
hypothesis).
Nonetheless, and for the moment, these outcomes need
to be interpreted with caution for several reasons. Fore-
most among these is the fact that as a consequence of
substantial variability in V_CO2, estimates of respiratory
water loss are themselves highly variable. In consequence,
only sample sizes much larger than those presently used






1) and %respiratory water loss, as well as the slopes and intercepts of the regressions of V_CO2 against
V_H2O for different respiratory patterns (individuals K, L, M excluded; values7S.E.)
V_CO2 V
_H2O hypC-phase V
_H2O %RWL Slope y-intercept
DGC 0.02570.001A 0.44570.052 0.37670.053 20.972.2 1.70570.141 0.39070.050
BI 0.03170.003B 0.65570.086 0.52170.084 18.973.2 1.53470.203 0.61070.091
Cont 0.03670.004B 0.51370.090 0.35570.085 26.373.5 1.36670.193 0.45570.103
p 0.025 0.572 0.755 0.374 0.339 0.479
The significance of differences among gas exchange patterns for each parameter was obtained by REML ANOVA followed by Dunnett’s post-hoc test.
Table 5
Comparison of mean V_CO2, mean V
_H2O, and absolute and relative cuticular and respiratory water loss rates (mmolmin
1) between continuous and
discontinuous gas exchange patterns (analysis includes only individuals that performed both types of respiratory patterns; N ¼ 7; values7S.E.)
V_CO2 V
_H2O RWL CWL %RWL %CWL
Cont 0.03670.004 0.49570.095 0.10770.016 0.35570.085 26.373.5 73.773.5
DGC 0.02770.001 0.48570.071 0.09370.014 0.41170.073 21.772.7 78.372.7
p 0.016 0.479 0.236 0.693 0.345 0.345
The significance of differences among gas exchange patterns for each parameter was obtained by REML analyses of variance.
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instance, a post-hoc power analysis for effect size f ¼ 0.25
at a ¼ 0.05 revealed a power of 0.32, meaning that if gas
exchange pattern does in fact significantly affect RWL, our
analysis only has a 32% chance of rejecting the null
hypothesis of no effect. Increasing this probability to 90%
would require using a total sample size larger than 200
(approximately four times larger than ours). Such sample
size effects might account for the differences in outcome
between single-species and multi-species investigations of
the hygric hypothesis.
4.2. Precision, bias and accuracy
Substantial variability in estimates of respiratory water
loss suggests initially that not even the most repeatable
estimate of RWL (that derived from the hyperoxic switch
method) is precise. However, because measured, rather
than estimated V_CO2, showed a similar low repeatability
value, it seems more likely that RWL is itself highly
variable as a consequence of varying metabolic demand,
rather than that the methods are inherently imprecise.
Therefore, confirmation of the utility of this method for
estimating RWL is also required from a species that shows
little variation in gas exchange pattern. Several Namib
Desert tenebrionid species seem especially suited for this
purpose (see Lighton, 1991).
Nonetheless, comparison of the two major new methods
for estimating CWL and RWL and their benchmarking
against the third, more traditional DGC (or C-phase)
method have provided insight into bias and precision of the
methods. For CWL, the methods seem to be equallyprecise. Moreover, this precision was higher than that
found using the regression method in the only other species
for which precision has been investigated, the Heelwalker,
Karoophasma biedouwensis (Chown et al., 2006b). In this
species, a repeatability of 0.55 was found for estimated
CWL, whereas measured total water loss rate had a
repeatability of 0.75.
In addition to their varying precision, the methods
differed in the bias of their estimates of RWL. The
regression method sometimes resulted in negative values of
RWL (y-intercept higher than mean V_H2O), which were
generally a consequence of overestimated V_H2O due to
small excretory events or the residual water washout from
larger ones. Therefore, these y-intercept values should be
interpreted as error (see also Schilman et al., 2005). This
raises the problem of where the cut-off points for erroneous
estimates of the y-intercept should lie. Clearly y-intercept
values higher than mean V_H2O should be rejected, but
which other values might also be excluded? Further
problems confounding the regression method are that the
y-intercept must be obtained by extrapolating beyond the
measured data if the spiracles never close, and that the data
points used in the regression are autocorrelated. The
former problem can potentially lead to a substantial bias
in the estimate (Quinn and Keough, 2002), whilst the latter
is always likely to do so because autocorrelation not only
affects the significance of least squares regression, but also
the parameters estimated using this technique. In other
words, adjacent data values are non-independent and a
correction must be applied to remove this effect, which
may persist across several data points (see Chatfield, 2004).
Therefore, and given the typically low estimates of water
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concluded that this method is the least accurate of the
three methods, largely owing to its bias and the likelihood
thereof. Nonetheless, it provides a useful first approxima-
tion of the contributions of CWL and RWL to total water
loss.
The traditional method, because it relies on the closed-
phase of a discontinuous cycle, cannot be used in the case
of continuous gas exchange. Here, the consequent reduc-
tion in sample size resulted in a strong decrease in the
precision of the method. Nevertheless, the C-phase and
hyperoxic switch methods are much less subject to errors
resulting from statistical estimation than is the y-intercept
method. Bootstrap estimation (Quinn and Keough, 2002)
supports this conclusion indicating little difference between
the bootstrap statistics and those obtained from the
original sample (bootstrap data not shown). However,
the hyperoxic switch method indicated larger RWL than
the C-phase method. This difference between the methods
may be the outcome of a prolonged period of spiracular
closure during the hyperoxic switch resulting in a much
larger estimate of RWL using this method. Quite why this
should be the case given non-significant differences in
CWL is not clear. However, it seems likely that owing to a
slower response of water by comparison with CO2 in the
flow-through system we used, the C-phase method
consistently overestimated the contribution of CWL to
the total water loss rate by comparison with the hyperoxic
switch method in which closure of spiracles took place for a
prolonged period resulting in a less biased estimate of
CWL. One alternative explanation is that the ongoing
slight decline in water loss rates across the experiment (see
Fig. 1B) lead to an overestimate of RWL. However, an
analysis of the decline showed that over the measured
period typically used, it amounted to c. only c. 20% of the
variation in estimates of RWL. Therefore, it seems unlikely
that this source of variation fully explains the differences in
RWL. A further alternative is that because the hyperoxic
switch method included continuous traces, whereas the
C-phase method did not, the former should be higher.
Recalculating the RWL values excluding the continuous
traces reveals that the hyperoxic switch estimates are 6–8%
lower than when including these traces. Again, this does
not fully account for the differences among methods.
The accuracy of the hyperoxic switch method requires
measuring V_H2O at a time interval when V
_CO2 is at or near
zero, which does not occur after the same length of time in
hyperoxia for all individuals. In consequence, CWL is
likely to be overestimated when measuring insects in
groups rather than individually. Lighton et al. (2004)
proposed analytical methods to overcome this source of
bias. Therefore, of the three methods we examined for
estimating CWL and RWL, the hyperoxic switch method
seems most accurate given that it is precise and appears to
be relatively unbiased for single insect measurements in its
estimate of CWL. Confirmation of this conclusion would
require comparison of data derived from this method withthose obtained using gravimetric or isotopic techniques,
acknowledging that these methods are prone to a different
set of biases and have rarely had their precision estimated
(reviews in Hadley 1994a; Chown and Nicolson, 2004).
If it is presumed that the DGC C-phase method provides
slightly lower estimates of RWL than the hyperoxic switch
method, then estimates of %RWL may well have to be
revised slightly upwards. Nonetheless, in this particular
species estimates of %RWL were within the bounds of
what has been recorded to date (even if these bounds were
to be shifted to the right by several percent). However, the
estimates of CP are low by comparison with other species
(Fig. 2), being similar to those recorded for Namib Desert
tenebrionids (Hadley and Louw, 1980). Such a low value in
this Perisphaeria species is not unrealistic given that in
summer the microhabitats occupied by this species are
likely to be both dry (mean monthly rainfall for
October–March, 1967–2003 in the adjacent Jonkershoek
Valley: 31mm), and relatively warm (mean daily micro-
habitat temperature for November–March, 08:00–20:00 h,
2002–2005, measured hourly using iButton thermochron
dataloggers: 23.5 1C).
Our final investigation of precision concerned the extent
to which an anoxia treatment could provide an estimate
either of spiracular opening or tracheal system properties
as suggested by Lighton et al. (2004). Observations of the
responses to anoxia revealed that in this cockroach species,
individuals generally released CO2 and water at low rates
for at least several minutes before producing very high and
distinct peaks. We consistently measured the value of WLR
at the peak but found that repeatability was near zero,
indicating that the peak observed is highly variable within
individuals. We conclude from this result that anoxic peak
WLR cannot be used to estimate spiracular characteristics
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